Compact solid-state laser source for IS* — 25 spectroscopy in atomic hydrogen 
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We demonstrate a novel compact solid-state laser source for high-resolution two-photon spec- 
troscopy of the 15 — 25* transition in atomic hydrogen. The source emits up to 20 mW at 243 nm 
and consists of a 972 nm diode laser, a tapered amplifier, and two doubling stages. The diode laser 
is actively stabilized to a high-finesse cavity. We compare the new source to the stable 486 nm 
dye laser used in previous experiments and record 15 — 25 spectra using both systems. With the 
solid-state laser system we demonstrate a resolution of the hydrogen spectrometer of 6 x 10 11 which 
is promising for a number of high- precision measurements in hydrogen-like systems. 

PACS numbers: 42.55.Px, 42.62.Eh, 42.72.Bj 



Since the first experiments in the late 1970s |l|, 15— 25 
spectroscopy in atomic hydrogen and deuterium has pro- 
vided essential data for fundamental physics. These in- 
clude the determination of the Rydberg constant and 
tests of quantum electrodynamics theory 0, |j| , determi- 
nation of nuclear properties of the proton and deuteron 
0j spectroscopy of Bose- Einstein condensate in hy- 
drogen [5|, hyperfine structure measurements of the 25 
state G] . and searching for the drift of the fine structure 
constant 0. 

In all of these experiments, the 25 state was excited 
by the second harmonic of a stabilized dye laser oper- 
ating at 486 nm. The dye laser system originally de- 
veloped in Garching has been repeatedly upgraded to 
meet the stringent requirements of high-resolution spec- 
troscopic experiments. The uncertainty in recent 15 — 25 
frequency measurements in atomic hydrogen is 25 Hz 
(A/// = 1.0 x 10~ 14 ) 0. However, an uncertainty limit 
near the natural linewidth of 1.3 Hz is desirable. In ad- 
dition to improving the accuracy of these measurements, 
it would be helpful to reduce the size of the experiment. 
This is not only necessary for metrological applications 
such as creating a transportable optical frequency refer- 
ence, but also for opening possibilities for completely new 
experiments to test some fundamental aspects of physics. 

For example, a number of recently proposed exper- 
iments concern spectroscopy of exotic atomic systems 
which are not available in the laboratory. This will re- 
quire a new laser system to be set up close to the place 
where the atomic sample is produced. Experiments to 
study the 15 — 25 spectroscopy in anti-hydrogen are pre- 
pared by the collaborations ATHENA (ALPHA) [|| and 
ATRAP at CERN. A comparison between hydrogen 
and anti- hydrogen spectra should provide one of the most 
stringent tests of the CPT theorem. A frequency mea- 
surement of the 15 — 25 transition in tritium could pro- 
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vide new independent information on the triton charge 
radius and its polarizability [lfj. In addition, there is an 
on-going activity on optical spectroscopy of positronium 
and muonium |!Ull2l lla|. 

In this paper we report a compact, transportable laser 
system which is suitable for such experiments. In the 
future it can replace stable but rather bulky dye-laser 
systems 0. 

The laser source is a frequency-quadrupled master- 
oscillator power-amplifier (MOPA) system [l4[ (see Fig. 
ip. It is similar to the laser source demonstrated in Ref. 

An anti-reflection coated laser diode operating at 
972 nm is placed in an external Littrow cavity. The out- 
put is amplified using a tapered amplifier (TA), produc- 
ing up to 650 mW at 972 nm. This is coupled to the first 
doubling stage (SHG 1 in Fig. ^) consisting of a bow-tie 
build-up cavity around a KNbC>3 crystal. The crystal is 
used at normal incidence and is cut for phase matching 
at a temperature of 30 degrees. The cavity is locked to 
the laser using the Pound-Drever-Hall (PDH) technique 
[l7|. with a modulation frequency of 20 MHz. We have 
measured up to 210 mW at 486 nm. The astigmatism 
in this beam profile is corrected using a telescope with 
cylindrical lenses. 

The light at 486 nm is split into two beams. About 10 
mW is taken for frequency stabilization of the laser, while 
the remainder is sent to the second doubling stage (SHG 
2 in Fig. ^) after proper mode-matching. The second 
frequency-doubling stage is a compact delta shape build- 
up cavity around a BBO crystal [lfij . After astigmatism 
compensation, we measure up to 20 mW at 243 nm in 
a near-Gaussian profile. The master oscillator, tapered 
amplifier, both doubling stages (SHG 1 and SHG 2), and 
some auxiliary optics are mounted on a single 60 x 120 
cm 2 optical breadboard. 

After a few months of operation, the output of the 
system decreased due to degradation of the TA beam 
profile. Laser powers were limited to 130 mW at 486 
nm and 4.5 mW at 243 nm. Measurements reported in 
this paper were performed at this power level, which was 
enough to detect the 15 — 25 transition. 

The laser is actively stabilized to a high-finesse cavity 
at 486 nm ^^|. Cavity mirrors are optically contacted 
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FIG. 2: Power spectrum of the beat note between the second 
harmonic of the diode laser and the dye laser in a logarithmic 
scale. Inset: The zoomed central part of the spectrum plotted 
on a linear scale. The dashed line shows a Lorentzinan fit with 
a 1 kHz FWHM. 



FIG. 1: A schematic diagram of the experimental setup. 
ECDL is the external cavity diode laser at 972 nm, TA is 
the tapered amplifier, SHG 1, 2 are the second harmonic gen- 
eration stages, PDH represents the Pound-Drever-Hall lock, 
and AOM is the acousto-optical modulator used for scanning 
the laser frequency. The output of the stabilized dye laser at 
486 nm is superimposed with the output of the SHG 1 and 
is used both for the beat signal detection using a radio fre- 
quency (RF) spectrum analyzer and for generation of 243 nm 
radiation. The hydrogen spectra are detected alternatively 
either using the dye laser system or the solid-state one. 



to a spacer produced from ultra-low expansion (ULE) 
glass. The finesse of the cavity is 75,000, and the trans- 
mission peak is about 15 kHz full width at half maxi- 
mum (FWHM). The cavity rests on a ceramic support in 
a small vacuum chamber and can be fixed for transporta- 
tion. The chamber is surrounded by single-stage temper- 
ature stabilization system and is placed in a 60 x 60 x 60 
cm 3 isolating box. 

The ULE cavity is placed on a separate optical table. 
The 486 nm light from SHG 1 is delivered to the cav- 
ity by an optical fiber. To compensate for the frequency 
noise introduced by the fiber, a standard fiber noise com- 
pensation scheme is implemented. The laser frequency is 
stabilized to the cavity by a PDH lock at 11 MHz. The 
laser frequency can be shifted in respect to the frequency 
of the cavity mode using a double-pass acousto-optical 
modulator. The fact that we use the second harmonic 
for generating the PDH error signal does not change the 
phase characteristics of the lock since the transmission 
peak of the SHG 1 is much broader then the bandwidth 
of the laser frequency noise. 

The error signal is split into three channels. Fast cur- 
rent feedback is sent directly to the laser diode. Slow 



feedback is sent to the modulation input of the current 
controller. The low-frequency drift of the laser cavity 
is also compensated, using slow feedback to the grat- 
ing. This feedback configuration is similar to that used 
in Refs. and f^- The amplitude of the closed-loop 
error signal measured in 50 kHz bandwidth corresponds 
to frequency noise on the level of 100 Hz at 486 nm. 

The power spectrum of the diode laser is studied by 
help of the independent stabilized dye laser used for the 
previous measurements 0. The dye laser is locked to a 
non-transportable high-finesse ULE cavity which has sig- 
nificantly better acoustic isolation and temperature con- 
trol compared to the cavity used for the diode laser sta- 
bilization. The typical frequency drift of the stabilized 
dye laser is on the level of about 0.2 Hz/s and its spec- 
tral line width Av^yc is characterized as 60 Hz at 486 nm 
plf. The power spectrum of the beat note between the 
two laser systems is presented in Fig|21 The spectrum is 
defined by characteristics of the diode laser system, since 
on the given scale the dye laser possesses a negligible 
spectral line width and frequency drift and is essentially 
free of sidebands. 

One can observe broad sidebands originating from the 
fast current feedback of the diode laser. The amplitude of 
the sidebands is sensitive to the strength of the feedback: 
with stronger feedback, more laser power is pushed into 
the sidebands. The central peak of the spectrum has a 
width of 1.0 kHz FWHM at 486 nm. This mainly stems 
from acoustic vibrations of the transportable cavity to 
which the diode laser is locked. 

The frequency drift of the diode laser can also be char- 
acterized using beat-note measurements. It is approxi- 
mately 10 Hz/s at 486 nm, more then ten times higher 
then the frequency drift of the non-transportable cav- 
ity. Once again, this difference is attributable mainly 
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FIG. 3: Top: IS — 2S time-resolved spectra recorded with the 
diode laser source. The power of 243 nm radiation coupled 
to the enhancement cavity equals 2.6 mW. Bottom: 15 — 2S 
spectra recorded with the dye laser source at the power of 
2.2 mW. In each case two spectra recorded in two different 
scan directions are averaged and the drift of the corresponding 
reference cavity is compensated. 



to the optical cavity to which the diode laser is locked. 
The transportable cavity uses a simpler temperature con- 
troller and has greater thermal coupling to its ceramic 
support. 

We tested the new diode laser source using the hydro- 
gen spectrometer 0, El depicted schematically in Fig^ 
The 243 nm radiation is coupled to a linear enhance- 
ment cavity, where the excitation of the hydrogen beam 
takes place. The flow of atomic hydrogen produced in a 
radio-frequency gas discharge is cooled to 5 K by a flow- 
through cryostat. After a 3 ms excitation phase, the 243 
light is blocked by a chopper operating at 160 Hz, and 
the detection phase begins. Atoms in the 2S state com- 
ing to the detection zone are quenched in a weak electric 
field. Emitted Lyman-alpha photons are detected by a 
photomultiplicr tube, and counts are accumulated until 
the beginning of a new excitation phase. By introducing 
a delay time t between the end of the excitation and the 
start of detection, we select slow atoms from the original 
Maxwellian distribution. The delay of r = 1 ms corre- 
sponds to the cut-off velocity of 130 m/s. For each laser 



frequency, the measurement cycle is repeated for 1 s, and 
photon counts are accumulated by a multi-channel scaler. 
Thus we simultaneously record a number of delayed spec- 
tra corresponding to different velocity classes. This de- 
tection scheme allows for evaluation of the second-order 
Doppler effect and reduces the background level that is 
due to scattered 243 nm radiation. 

A time-resolved spectrum of the IS — 2S transition 
excited using the new laser system is presented in Fig0 
(top), where the photon count rate is plotted versus fre- 
quency detuning at 243 nm. The spectral line width of 
the transition A/^ e 2S equals 2.8(1) kHz FWHM for 
t = 10 /xs and reduces to 2.2(1) kHz for r = 610 //s. 
Besides the contribution of the finite line width of the 
excitation radiation, the IS — 2S transition line width 
is defined by time-of-flight broadening, power broaden- 
ing, ionization broadening, and the second-order Doppler 
effect. The delayed detection significantly reduces the 
time-of-flight broadening and the second-order Doppler 
effect due to the velocity selection. To analyze the spec- 
trum, we compare it to the calculated line shape in 
the case of an infinitely narrow-band excitation spec- 
trum using a Monte-Carlo approach 22]. For the delay 
r = 610 /its, the simulated line has a FWHM at 243 nm 
of A/thcor(610 ,its) = 0.62 kHz when 2.6 mW of 243 nm 
radiation coupled to the enhancement cavity. 

Assuming Lorentzian profiles, one can write the follow- 
ing approximate relation: 



A/, 



diode S ( T ) 



A/ thcor (r) + 2Av d 



iodc i 



(i) 



where Afdiodc = 2.0 kHz is the measured spectral width 
of the diode laser system at 243 nm. Factor 2 results from 
two-photon excitation of the IS" — 2S transition. In this 
particular case, the line width of the 1S—2S transition for 
longer delay times is mainly defined by the spectral line 
width of the excitation radiation. The spectral resolution 
of the spectrometer /o/A/ d 1 i ^ e 2S (610 fis) equals 6 x 10 11 . 

To compare the diode laser source with the dye laser, 
we also performed a set of measurements with the dye 
laser coupled to the same doubling stage as depicted 
in Fig^ A 15 — 2S spectrum recorded using the dye 
laser at a similar excitation power level is shown in 
FigCHbottom). The recorded lines are considerably nar- 
rower compared to the case of the diode laser. The 
line shape asymmetry resulting from the second-order 
Doppler effect is clearly visible for short delays. The 
amplitude noise partly results from the intensity fluc- 
tuations of the dye laser. The widths of the delayed 
spectra are close to the calculated ones: for example, 
A/]£f 2S (610 fis) = 0.75(5) kHz at 243 nm. 

The 25* count rate using the diode laser is approxi- 
mately three times lower than using the dye laser. Be- 
sides slightly different excitation powers, the difference 
in the count rates can be explained by two factors: (i) 
the broader line width of the diode laser and (ii) the dis- 
tribution of the laser diode power over a wide spectral 
range. The loss of the 25* counts in the narrow IS — 2S 
line is caused by distributed features in the spectrum of 
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the diode laser. 

Since the dye laser spectrum is practically free from the 
background, one can evaluate separately the effect of the 
distributed spectrum of the diode laser. To do it, we have 
to take into account the difference in the spectral widths 
of the central peak of the diode laser spectrum used for 
spectroscopy and the spectral width of the dye laser. Un- 
der the realistic approximations A/ t hcor 3> 2A^d yc and 
A/theor <C 2Ai/diodc, it is equivalent to the comparison of 
the areas under corresponding transitions normalized to 
the 243 nm power squared. The 2S excitation efficiency 
for the diode laser source is 40(10)% of the efficiency for 
the dye laser. This number is constant for all available 
delays. This means that for the same excitation powers 
and for the same line widths of the lasers, the diode laser 
would excite only 40% of the atoms in a narrow spectral 
line compared to the dye laser. 

It should be possible to narrow the spectrum of the 
diode laser using a two-stage, two-cavity lock scheme. 
Our diode laser is stabilized to a high-finesse cavity, and 
has a spectral width of approximately 1 kHz at 486 nm. 
This residual width could be removed relative to a second 
cavity using an AOM. It is not enough simply to increase 



the feedback loop gain in the present setup. Increasing 
the gain only produces larger sidebands in the beat sig- 
nal spectrum (see Fig. |2J) and a subsequent loss of 25 
excitation efficiency. 

In summary, a high-power narrow-bandwith diode 
laser source is reported that is capable of driving the 
IS — 2S transition in atomic hydrogen with a high 
signal-to-noise ratio. The spectral width of the laser 
is 2 kHz at 243 nm, limited mainly by the character- 
istics of the small, transportable optical cavity. Imple- 
menting the new concept of vertically-suspended refer- 
ence cavities j2^| and a spacer with the proper choice 
of ULE zero-expansion point will significantly increase 
the short- and long-term frequency stability of the diode 
laser source while keeping the whole system compact and 
transportable. This laser system is a promising source 
for spectroscopy of exotic hydrogen-like systems such as 
anti-hydrogen, tritium, positronium, and muonium. 
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